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A : Spiropyran SP (closed, colorless) B : Merocyanine MC (open, colored) 
Spiropyrans 
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4	  2. Spiropyran-Based Polymers
Most protocols for the incorporation of SP units into
polymer matrices generally involve polymerisation of
derivatised SP monomers or copolymerisation of these
species with compatible monomeric units, where the SP
moiety can be introduced as side chain or as a part of the
main polymer chain.[9,10,15,16,20,33,36,50,61–63] Othermethods
include non-covalent doping/entrapment of SP derivatives
within various polymer matrices[24,32,34,35] or functionali-
sation of pre-formed polymers with SP pendant groups.[45]
A number of examples of SP-based polymer most often
present in recent literature are described in Table 1 and
comprise a series of homo- and co-polymers obtained
through various polymerisation techniques: radical poly-
merisation, atom-transfer radical polymerisation (ATRP),
ring-opening metathesis polymerisation (ROMP) and
photo-polymerisation, among others. Other types of poly-
mers in which the SP is included as a pendant group post
polymerisation or simply used as a dopant are also
presented. Table 1 gives an overview of polymers contain-
ing SP where the emphasis is on their structure. SP
polymeric systems can be used for a variety of applications,
showing that by combining the key advantages of the SP
moiety with the smart engineering of SP-based polymers,
newmaterialswithdesignedmacroscopicproperties canbe
obtained. Various types of SP polymers have been designed
in order to acquire photo-control over specific character-
istics of the material like permeability towards different
analytes, wettability, sensing behaviour, actuation and
electrical properties or to visualise mechanical stress.
The following sections will discuss specific SP polymeric
systems based on their photo-modulated properties.
3. Photo-Modulated Wettability
The wettability of surfaces depends on both, the surface
chemistry and the surfacemorphology, in particular, on the
micro-structures of the surface. Having the possibility to
Scheme 1. Reversible structural transformations of SP derivatives in response to external inputs such as light, protons and metal ions.
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The photoresponsiveness and the self-protonating stability
were also tested versus drying cycles. Three fully swollen gel 5-1
samples were contracted under white light, dried for 48 hours at
room temperature, re-swelled in DI water, and their photo-
induced shrinking measured again. This drying/reswelling cycle
was then repeated twice and impressive reproducibility of the
photo-shrinking behaviour was evident (Fig. 7). In contrast, gel 0-1,
aer initially swelling in 1 mM HCl, showed drastically impaired
actuation behaviour aer one drying/reswelling cycle in DI water,
and had eﬀectively lost its photo-actuation ability aer the second
cycle (Fig. 7). This result conrms that, in contrast to the standard
gels, the AA-modied gels do not need to be exposed to HCl to
induce reswelling aer photo-induced contraction, and can be
repeatedly recycled through contraction/expansion in DI water.
The eﬀect of washing with water on the gel actuation
behaviour was also examined. The Gel 5-1 samples were fully
swollen in DI water, shrunk with white light and then kept in
fresh DI water for 24 hours in the dark. Then the light induced
shrinking was measured again, and the procedure repeated 4
times. Similar measurements were performed on the Gel 0-1
samples which were initially pre-soaked in 1 mM HCl to induce
MC protonation. The photos in Fig. 8 show that Gel 5-1 can
undergo light induced shrinkage even aer re-swelling 3 times
in fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1
loses its photoresponsive character aer two washes. Simulta-
neously, Gel 0-1 adopts an increasingly reddish colour (le
column, Fig. 8A), indicative of a tendency to preferentially form
the unprotonated MC isomer rather thanMC-H+, due to the loss
of protons from the gel during washing. The behaviour of Gel 5-
1 is strikingly diﬀerent, as it retains the yellow colour of the
protonated MC-H+ form in the swollen state (le column,
Fig. 8B). Aer 4 wash cycles, the pH of the external bathing
water of equilibrated gels was 5.8 for both 5-1 and 0-1 gels,
which was equivalent to the pH of the fresh DI water. This,
coupled with the theoretical pH values within the gel discussed
earlier, suggests that AA modication of the gels creates a pH
buﬀering eﬀect within the gel.
Mechanism of gel protonation/deprotonation
The MC-H+ copolymer used in this study has been reported to
have a pKa value in the range of 6–7.22 On the other hand, closed
form of a BSP molecule has been reported to have pKa of 2.3.23
Considering these values with respect to acrylic acid, (pKa ¼
4.2), when these functionalities are co-immobilised within a gel,
in the absence of light, acrylic acid will spontaneously protonate
MC to MC-H+ (Scheme 1, steps 2 and 3), driving the conversion
of BSP to MC in the process (step 1). Hence the gel will become
populated with equal numbers of MC-H+ and –COO" ions,
considerably increasing the gel hydrophilicity in the process,
and triggering gel swelling due to water ingress. This was also
conrmed by a set of 5-0 gels placed in solutions of pH from 1–
6.5. These gels kept a constant size until the pH increased above
pH 4 crossing the pKa value of acrylic acid. Between pH 4 and 6
the deprotonation of the –COOH groups took place and resulted
in the increased gel swelling (Fig. S3, ESI†). Conversely, when
MC-H+ is converted to the BSP (very weak base) form under
white light, the protons released migrate back to the acrylate
anions in the polymer, as they are now the strongest base
present (Scheme 1 step 3). Protonation of the acrylate –COO"
anions and simultaneous formation of uncharged BSP induces
a much more hydrophobic gel character, and water is expelled.
Therefore, during swelling and contraction cycles, protons
migrate between these sites, as shown in Fig. 3. Furthermore,
this proton exchange is internalised within the gel, with no
requirement for an external proton source (i.e. pH 3 HCl
bathing solution). In addition, the shorter (internalised) diﬀu-
sional pathways for bulk proton transfer within the AA-modied
gels produces a more eﬃcient system in terms of the overall
Fig. 7 Light induced shrinking of 0-1 (top) and 5-1 (bottom) gels after 2 repeat
cycles of drying and reswelling in DI water. Gel 0-1 was initially protonated by pre-
soaking in 1 mM HCl for 2 h, whereas Gel 5-1 was pre-soaked in DI water. The X-
axis indicates minutes under white light irradiation. Error bars are standard
deviations for 3 samples.
Fig. 8 Light induced shrinking and re-swelling (in the dark) cycles for (A) Gel 0-1
0% AA, 1% BSP-A (left) and (B) Gel 5-1 5% AA, 1% BSP-A (right). For each re-
swelling cycle fresh DI water was used in all cases. Cycles are numbered 1-4.
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these microstructures exhibit reversible photoisomerization upon light
irradiation in the solid-state. To our knowledge, such structures and
behaviour have not been reported previously, and they are distinctly
different from ‘‘quasicrystals’’ and larger-sized aggregates because of
their high degree of organization at the microscopic level, morpholo-
gical complexity, facile solvato-morphological control, and lack of
residual amorphous material. This study provides the first direct
measurement of the structural, spectroscopic, and photochromic
properties of such SP-COOH microstructures.
The self-assembledmicrostructures are prepared as described in the
ESI.† Depending on the final EtOH volume percent (V%) in the water–
EtOH mixture (15%, 20%, 25%), three different types of microstruc-
tures are obtained, namely SP-COOH 15%, SP-COOH 20% and
SP-COOH25%, respectively. Thesemicroscopic structures are produced
predominantly in the MC and MC-H+ form (indicated by their reddish
colour) and remain stable within the aqueous solution most likely due
to the stabilization of individual structures in such a highly polar
environment. Previously, aggregation of MC derivatives was always
observed due to photo-induced formation ofMCunits surrounded by a
non-polar environment. This caused spontaneous association ofMC in
order to minimize the overall energy of the system.13,16,17 In the
case presented here however, these conditions are not satisfied, no
spontaneous association is observed, and the turbidity of the solution
exhibits good homogeneity (ESI,† Fig. S2). Following this, 10 mL of the
SP-COOH EtOH–water dispersion (15%, 20% and 25% EtOH, respec-
tively, prepared as described in the ESI,† Section S3) was poured in a
Petri dish (5.5 cm OD) in order to ensure high surface area for the
liquid/air interface and exposed to daylight for 2 min.
This caused rapid switching of the EtOH–water bulk phase from a
reddish to a light yellow colour, due to the switching of the remaining
dissolved MC/MCH+ to SP/MCH+ forms in response to day light (ESI,†
Fig. S3B and Scheme S1). This process was accompanied by sponta-
neous assembly of aggregates at the air/liquid interface. The proposed
mechanism for this process relies on the fact that, as the polarity of the
bulk liquid phase decreases (due to the switching of the polar MC unit
to the less polar SP form), MC solid structures start to aggregate, due to
their polar nature. Another important observation is that evaporation of
EtOH from the surface facilitates the movement of these structures
towards the liquid/air interface. This process was very rapid, and a
continuous aggregation film forms at the interface within minutes.
A video showing this spontaneous assembly can be seen in ESI,†
Video S1 and Fig. S5, for the case of SP-COOH 25%. Very similar
behaviour was found to occur with all the other solutions studied
(Fig. S6 and S7, ESI†). However, the morphology of the obtained
structures and their dimensions were different and very dependent
on the percentage of water used. Scanning electronmicroscopy images
of these structures (Fig. 1) show that the morphology of the assembled
structures vary in form from ribbon-like shapes in the case of SP-COOH
15% (Fig. 1, left) to daisy-shaped structures composed of flat crystals in
the case when SP-COOH 25% is used (Fig. 1, right). The structures
obtained for SP-COOH 20% resemble the daisy-like shape of SP-COOH
25%, but the terminations of the units are hyper branched and twisted
(Fig. 1, centre). These structures appear to be reasonably homogeneous
across the entire aggregated film obtained at the liquid–air interface
and closely maintain their morphology with great reproducibility from
structure to structure as well as from solution to solution (Fig. S8–S10,
ESI†). Analysis of the diameter of the individual self-assembled struc-
tures shows that by varying the water content of the liquid phase,
structures with average diameters from B24 mm (SP-COOH 15%) to
B71 mm(SP-COOH25%) can be easily achieved (Fig. S8–S10, ESI†). Fo
SP-COOH 15% and 20%, the width of the fiber-like structures is about
300 nm while for the SP-COOH 25% the width of the flat crystal-like
structures is about 5 mm (at the central point), thickness about 200 nm
or less, and they are partially transparent (Fig. 1, right).Moreover, it was
found that themorphology of the photochromic structures is not overly
dependent on the concentration of the SP-COOH in the final solution,
but is greatly related to the water/EtOH ratio. In fact, identical
morphologies were obtained for structures formed using different
SP-COOH concentrations and after different times (12 h to several
months), as long as the water/EtOH ratio was kept constant. It should
be appreciated however, that there are limits to the water/EtOH ratios
in which such complex, highly symmetrical structures are obtained.
Fig. 1 Scanning electron microscopy images of spiropyran self-assembled microstructures obtained at the air–liquid interface when the liquid phase is SP-COOH 15%
(left), SP-COOH 20% (centre) and SP-COOH 25% (right), respectively. The figures on the bottom show particular details of each type of microstructures.
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Ø  Spiropyran norbornene monomer 
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Polymerisation of Spiropyran Monomer 
Ø  Ring-opening metathesis polymerisation 
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Polymer Characterisation 
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Merocyanine polymers for LbL coatings 
Pennakalathil, J.; Hong, J.-D., Acs Nano 2011, 5, 9232-9237.  
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LbL coatings 
Ø  SEM imaging 
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Photo-induced dissasembly	

•  Absorbance at 590nm decreases by 60% 
under white light irradiation 
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Conclusions 
•  Synthesised a new polynorbornene spiropyran 
polymer.	

•  Characterised spiropyran monomer and polymer.	

•  Developed new layer-by-layer coatings which 
disassemble under white light irradiation.	
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•  Development of photo-responsive drug 
delivery capsules	
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